We have implemented a new means of measuring very high frequency ultrasound in nanostructured materials (known as Picosecond Ultrasonics) by using a high-Q optical resonator that enables significant enhancement and detailed characterization of ultrasound signals.
Introduction
In the conventional picosecond ultrasonic measurements, there are two significant challenges in measuring the change ΔR in the intensity of the reflected probe light pulse [1] . One is simply because the value of ΔR in these measurements is very small, generally in the range of 10 -5 to 10 -6 for most measurements performed to date. The other problem is that for some combination of film material and light wavelength the value of ΔR happens to have a very small value. For example, for λ=800nm (the most common wavelength of commercial compact ultrafast lasers), ΔR is close to zero, because the piezo-optic coefficients of copper at 800nm are essentially zero [2] . Thus, either extensive signal averaging has to be performed or the phase change Δφ s of the reflected probe light has to be measured instead of ΔR. A number of different methods have been developed to measure the phase change Δφ S [3, 4] . However these methods involve different types of interferometer. One difficulty with standard interferometers is that the distance of optical components from the sample has to be controlled precisely.
Here we report a new method that can be used to improve the ultrasonic signals. In this method we use a versatile external optical cavity formed by bringing a dielectric Bragg reflector (DBR) into close proximity to a reflecting thin film test sample. The optical cavity is formed in the space between the DBR and the sample. The spacing of this cavity can be tuned continuously down to submicron. By making the cavity have as high a Q as possible and by choosing the cavity spacing so that the probe wavelength is at an optimal point on the cavity resonance, the value of ΔR can be maximized. Our new arrangement enables detailed picoseconds ultrasonic characterization for measurements on a wide range of test materials, including copper, for potential use in metrology for the semiconducting industry.
Design and Characterization of the Optical Cavity
The intensity reflection coefficient of the optical cavity is where |r R | and |r S | are the magnitude of the reflection coefficient of the reflector and the sample respectively. α=2k z w', k z is the z-component of the wave vector of the probe light, w' is the effective cavity spacing, z is normal to the thin film plane. We divide ΔR/R into two components: (1/R)(dR/dα)Δα and (1/R)(dR/d Δ|r s |)Δ|r s |. In Fig. 1 (a) we show plots of (1/R)(dR/dα) the gain parameter that determines how the reflectivity of the cavity changes in response to changes in the phase φ s of r s or due to a displacement Δw of the surface of the sample. The value of (1/R)(dR/dα) is determined by the Q factor of the cavity. There are two important factors that limit cavity Q, the finite wavelength spread of the laser light and the spread in the angle of the incidence of the light. To increase Q, we used a laser line filter to narrow the laser light bandwidth from 12.5nm down to 3.2nm and minimized the angular spread by using probe light at normal incidence. Furthermore, in order to achieve a maximum acoustic signal in the present experiment, we fine tune the pump incidence angle to be slightly off normal incidence so that it is resonantly absorbed while the parameter of (1/R)(dR/dα) for the probe light is maximized, as shown in Figure 1 (b) and (c).
Experiment and Analysis
An Al film of thickness 190nm and a Cu film of 180nm are studied. The DBR was placed on top of the metal film at an angle less than 10 -4 rads. The cavity spacing is determined by measuring the spectrum of white light reflected from the DBR/sample. Measurements were made using a conventional pump probe experimental setup at λ=800nm from a mode locked Ti:Sapphire laser. Figure 2 (a) and (b) compares ΔR/R from Al film without the optical cavity and with the optical cavity. For Cu film, there is no acoustic signal measurable when the optical cavity is not used. We further show in Figure 3 that in the case of Al, the surface displacement Δw of the film makes the main contribution to the signal, which enables us to determine the piezo-optic coefficients of the Al film and the actual shape of the propagating acoustic pulse. 
Conclusion
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We have demonstrated for Al film significant enhancement of picosecond ultrasonic signals of up to two orders of magnitude is achieved and actual acoustic shape of the propagating acoustic pulse is determined. Large signals obtained from Cu film when the cavity is used demonstrates a significant advantage of this method as it does not require the materials have large piezo-optic coefficients for the laser wavelength used. Figure 1 (a) (1/R)(dR/dα) at different values of RR as labeled, (b) measured reflectivity of the optical cavity with the copper film as a function of the cavity spacing. Green circles are measurements using the laser line filter to narrow the spectrum of the probe light, and red circles are without using the filter, (c) Measured reflectivity of the pump (orange circles) and probe light (blue circles) for the optical cavity with the aluminum film. Note the shift of pump resonance. Open squares show the shape of the first acoustic echo in the aluminum film when measured without using the cavity. The solid blue curve is the result of the fit using the strain pulse shown in a). (c) Black open squares show the shape of the first acoustic echo in the aluminum film when measured with the cavity. The solid green curve is the result of the fit using the strain pulse in a). The blue and pink curves show the contributions from the displacement of the film surface and the piezo-optic effect, respectively.
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